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1.  Introduction 

This  Final  Report  summarizes  the  equipment  purchased  and  assembled  into  the  subject 
measurement  system  under  this  Defense  University  Research  Instrumentation  Program 
(DURIP)  grant.  It  also  describes  how  the  equipment  was  used  to  augment  the  research 
being  conducted  under  a  separate  AFOSR  grant  dealing  with  entrainment  and  mixing  in 
turbulent  shear  flows,  and  how  the  equipment  will  be  used  in  future  research  into  gaseous 
mixing  in  turbulent  shear  flows. 


2.  Research  Objective  of  the  Instrumentation  System 

Mixing  of  a  gaseous  fuel  species  with  a  combustion  air  stream,  and  its  subsequent 
combustion  under  conditions  of  highly  turbulent  flow,  are  the  central  physical  processes 
that  underlie  all  current  and  future  airbreathing  propulsion  systems.  The  engineering 
objectives  that  must  be  addressed  in  developing  improved  systems  have  in  recent  years 
focused  heavily  on  such  issues  as  combustion  stability  and  reduction  of  trace  pollutant 
species  emissions.  Achieving  major  improvements  in  these  has  become  increasingly 
difficult,  as  the  gains  possible  from  comparatively  simple  methods  for  addressing  them 
have  become  essentially  fully  exploited.  Developing  the  scientific  foundations  from  which 
dramatic  new  gains  can  be  made  in  these  and  related  areas  is  one  of  the  objectives  of  DoD- 
supported  research. 

Such  major  gains  require  a  significant  new  breakthrough  in  the  ability  to  understand  and 
effectively  model  the  physical  processes  involved  in  turbulent  flows  and  turbulent  mixing, 
and  in  the  consequent  nonequilibrium  departures  that  exist  in  the  coupling  between 
molecular  mixing  and  chemical  reaction  kinetics  in  turbulent  flows.  In  recent  years,  a 
surprising  number  of  important  insights  have  been  obtained  from  a  series  of  experimental 
studies  into  these  processes,  which  are  suggesting  entirely  new  ways  of  approaching  the 
description  and  modeling  of  turbulent  combustion. 

The  key  component  to  which  these  recent  insights  can  be  attributed  is  a  renewed  focus  on 
fundamental  experimental  measurements  of  the  physical  processes  at  work  in  turbulent 
shear  flows.  Unlike  the  previous  generation  of  multi-point  probe  measurements,  which 
were  well-suited  for  studies  of  the  large  scale  structure  of  turbulent  shear  flows,  some  of 
the  most  exciting  results  being  obtained  today  are  from  the  current  generation  of  high- 
resolution  multi-dimensional  spatio-temporal  imaging  measurements  of  the  fine  scale 
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structure  of  turbulent  flows,  where  the  actual  molecular  mixing  and  mixing-chemistry 
coupling  occur.  Such  multi-dimensional  imaging  measurements  inherently  produce  data 
that  directly  give  a  physical  picture  of  the  structure  and  dynamics  of  these  flow  scales, 
rather  than  simply  giving  the  projection  of  this  structure  onto  some  very  low-dimensional 
quantity  accessible  by  conventional  probe  measurements. 

The  physical  picture  that  this  new  generation  of  imaging  measurements  is  offering  has 
revealed  a  remarkably  simple  fine  scale  structure  in  turbulent  flows  that,  in  many  ways, 
mimics  the  surprising  simplicity  revealed  by  the  discovery  of  structure  at  the  large  scales  in 
turbulent  shear  flows  some  twenty-five  years  earlier.  This  comparatively  simple  fine  scale 
structure  had  entirely  eluded  the  previous  decades  of  measurements  based  on  single-point 
and  multi-point  probes,  and  was  revealed  only  by  the  relatively  recent  development  of 
high-resolution  multi-dimensional  imaging  measurements  for  turbulent  flows.  These 
measurements  for  the  first  time  offered  a  direct  view  onto  this  fine  scale  structure.  While 
many  of  the  details  remain  to  be  discerned,  this  emerging  physical  picture  of  the  small 
scales  of  turbulent  mixing  and  combustion  is  producing  a  much  clearer  understanding  of 
the  molecular  mixing  process  and  the  nonequilibrium  mixing-chemistry  coupling  process, 
as  well  as  their  relation  to  the  entrainment  rate  dictated  via  the  large  scale  structure  of  the 
flow.  This  understanding  has  in  turn  led  to  some  remarkable  new  ways  of  modeling  the 
flow,  mixing,  and  chemical  reaction  processes  in  turbulent  reacting  flows,  and  even  new 
ways  of  simultaneously  simulating  these  processes. 

The  measurement  system  developed  under  this  DURIP  grant  represents  the  next  step  in 
this  process  of  scientific  discovery.  It  is  capable  of  providing  the  first-ever  simultaneous 
measurements  of  the  combined  spatial  and  temporal  structure  of  the  conserved  scalar  field 
£(x,  t),  the  molecular  mixing  rate  field  V^-V£(x,  t),  and  the  underlying  vorticity  and  strain 
rate  fields  co(x,  t)  and  e(x,  t)  in  a  gaseous  turbulent  shear  flow. 


3.  Description  of  the  Instrumentation  System 

The  instrumentation  system  assembled  under  this  DURIP  grant  represents  a  major 
extension  of  our  existing  planar  Rayleigh  imaging  system  (see  Fig.  la).  It  is  designed  to 
allow  a  set  of  remarkable  new  fully-resolved  four-dimensional  spatio-temporal  imaging 
measurements  of  the  fine  scale  structure  of  molecular  mixing  in  gas-phase  turbulent  shear 
flows.  The  central  idea  is  to  image  four  different  laser  sheets  onto  four  different  imaging 
arrays  (see  Fig.  1  b).  Each  of  these  laser  sheets  is  distinguished  by  a  unique  combination 
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Figure  lb.  The  new  four-plane  Rayleigh  imaging  system 
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of  frequency  and  polarization.  The  laser  sheets  will  be  generated  by  four  Nd:  YAG  lasers, 
two  of  which  operate  in  doubled-mode  (532  nm)  and  two  of  which  operate  in  tripled  mode 
(355  nm).  The  two  sheets  at  each  frequency  are  arranged  to  have  orthogonal  polarizations, 
by  bringing  each  of  the  sheets  into  the  flow  parallel  to  each  other  but  propagating  at  right 
angles  to  each  other.  The  sheets  are  thus  brought  into  the  flow  from  above  and  deflected 
45-degrees  downward.  The  four  camera  view  the  sheets  through  a  set  of  polarization 
filters  and  frequency-sensitive  mirrors,  so  that  each  camera  can  see  only  one  of  the  four 
laser  sheets,  owing  to  their  unique  combination  of  frequency  and  polarization. 

Two  of  the  four  sheets  are  fired  simultaneously  and  imaged  onto  their  two  respective 
cameras.  A  few  milliseconds  later,  a  delayed  pulse  fires  the  other  two  sheets,  which  are  in 
turn  imaged  onto  their  respective  cameras.  The  net  result  is  that  each  camera  sees  only  one 
of  the  four  sheets,  and  records  the  Rayleigh  scattering  within  that  sheet.  Since  the  sheets 
are  spaced  appropriately  in  the  z-direction,  the  data  are  simultaneously  differentiable  in  x, 
y,  and  z,  as  well  as  in  time  owing  to  the  second  two  sheets.  This  allows  the  mixture 
fraction  field  ^(x,t)  as  well  as  the  molecular  mixing  rate  field  V£-V£(x,t)  to  be  determined. 
Moreover,  from  the  simultaneous  space  and  time  differentiable  data,  the  underlying 
vorticity  and  strain  rate  fields  co(x,t)  and  e(x,t)  can  also  be  determined  via  the  scalar 
imaging  velocimetry  technique. 


4.  Listing  of  all  Equipment  Acquired 

A  complete  list  of  all  equipment  purchased  to  assemble  this  unique  instrumentation  system 
is  attached  on  the  following  pages.  All  major  aspects  of  the  equipment  purchased  conform 
to  the  list  in  the  original  proposal.  This  includes  the  YAG  laser  systems  and  associated 
optics  and  computer  interfaces.  The  list  shows  all  individual  items  purchased,  including 
individual  smaller  equipment  items  required  to  assemble  and  set  up  the  larger  equipment 
items  into  a  functioning  system. 
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